Background {#Sec1}
==========

The investigation into regularities of hydrogen interaction with metals and alloys over a wide range of temperatures and pressures still remains a currently central problem in material physics from both the scientific and practical standpoints \[[@CR1]--[@CR9]\]. The hydrogen accumulation in structural and functional materials is an extremely hazardous phenomenon, which leads to hydrogen degradation of materials and to possible unforeseen equipment failures \[[@CR10]--[@CR14]\]. The degradation of materials increases due to hydrogen interaction with the whole range of crystal structure imperfections of solids such as interstitial and substitutional impurities, vacancies and their complexes, dislocations and their pileups, subgrain and grain boundaries, and phase components \[[@CR11], [@CR15], [@CR16]\].

Vehoff \[[@CR17]\] has reviewed the interaction of hydrogen with defects in metals. He states that hydrogen concentrations far in excess of the lattice concentration cannot be produced by elastic interactions alone, because the amount of hydrogen in the so-called Cottrell atmosphere around a dislocation is small. In contrast, chemical interaction or trapping at preferred lattice sites such as grain boundaries, particle-matrix interfaces, or dislocation cores can lead to a rise in the local hydrogen concentration that can span many orders of magnitude. The respective concentration increase is highly dependent on the local chemical and/or structural arrangement \[[@CR18]--[@CR23]\].

Temperature, mechanical, radiation, and implantation effects give rise to additional structural changes in metals, alloys, and steels. These are the induced phase transformations, an increase in the density of dislocations and vacancies and pair production. All these factors enhance the hydrogen accumulation and lead to the loss of plasticity, and later on, to the failure \[[@CR11], [@CR12], [@CR24]--[@CR29]\].

Hydrogenation of the face-centered cubic (fcc) iron-based alloys, which constitute an array of austenitic stainless steels, can cause the following phase transformations: fcc (***γ***) → bcc (***α*\***) and fcc (***γ***) → hcp (***ε***) \[[@CR12], [@CR30]--[@CR35]\]. The hydrogen-induced phases are sometimes considered as pseudohydrides. It is generally assumed that the role of hydrogen consists in the creation of a particular stress state that triggers the phase transformation. In contrast, Vakhney and co-workers \[[@CR36]\] showed that the phase transformation fcc (***γ***) → hcp (***ε***) was also due to a change in the electronic structure of the alloy after hydrogenation. At the same time, several studies have shown that martensite formation is responsible for hydrogen-enhanced crack growth, which results in quasi-cleavage fracture of specimens tested in hydrogen \[[@CR37], [@CR38]\]. Gey and co-workers \[[@CR39]\] found that the amount of strain-induced ***ε*-** and ***α***\*- martensite in AISI 304 steel (Pittsburgh, PA, USA) was strongly dependent on the local mutual orientations of neighboring grains, i.e., texture of the ***γ*** steel.

Stainless steel is one of the most useful classes of engineering materials. For example, austenitic steel is used for manufacturing vessel internals of fission-type reactors. A wide use of austenitic stainless steels as structural fission reactor elements calls for a detailed knowledge of their behavior under conditions of radiation influence, accumulation of gas impurities (hydrogen isotopes, above all) \[[@CR12]--[@CR14], [@CR19], [@CR26]--[@CR29], [@CR40], [@CR41]\].

At saturation of austenitic stainless steel with deuterium at 100 K by means of ion implantation, structural-phase changes take place, depending on the dose of implanted deuterium. The increase in the implanted dose of deuterium is accompanied by the increase in the retained deuterium content, and as soon as the deuterium concentration reaches C ≈ 0.5, the process of shear martensitic structural transformation in steel takes place. It includes the formation of characteristic bands, body-centered cubic (bcc) crystal structure, and ferromagnetic phase. On reaching the concentration C ≥ 0.5, two hydride phases are formed in the steel, the decay temperatures of which are 240 and 275 K. The maximum attainable concentration of deuterium in steel is C = 1 (at.D/at.met. = 1/1) by irradiation at 100 K \[[@CR42]\].

One of the most informative methods of investigating hydrogen behavior in metals is the thermal desorption spectrometry (TDS). The TDS technique enables one to determine the temperature ranges of implanted hydrogen retention and release, to find thermoactivation parameters, and to establish quantitative characteristics of hydrogen emission-reemission. It also shows fair correlation between the thermoactivated hydrogen release spectra and the metal-hydrogen phase diagrams \[[@CR43]--[@CR45]\].

The present paper reports the results from studies on implanted deuterium-induced structural transformations in austenitic stainless steel 18Cr10NiTi as functions of implanted deuterium doses at a temperature of 295 K. The structural transformation kinetics in the implanted steel layer has been traced from the deuterium thermodesorption (TD) spectra versus implanted deuterium concentrations. The important methodical advantage of the present study lies in the fact that the implantation of the assigned dose of deuterium into steel and the measurements of temperature ranges of deuterium desorption were performed in one and the same setup (in situ).

Methods {#Sec2}
=======

The TDS technique has been used to investigate the kinetics of spectrum development for deuterium desorption from austenitic stainless steel 18Cr10NiTi versus the implanted deuterium dose. The chamber is partitioned into two separate, nearly equal in volume compartments: analytical and pumping. At the center of the partition wall, there is an iris diaphragm with the aperture variable in the range from 10 to 50 mm. That permits one to control the rate of pumping of the analytical compartment and to increase, if necessary, the sensitivity of the analyzer registering the partial gas pressure in the chamber. The opening of the diaphragm is controlled from the outside of the chamber by means of the magnetic system. In our TDS measurements, we have used the Type APPM-1 monopolar mass-spectrometer. In our experiments, to reduce the impact of background hydrogen being present in the samples and in the target chamber, we have used deuterium as the hydrogen isotope. The sample irradiation and the TDS measurements were carried out using the experimental facility "SKIF" described in detail in ref. \[[@CR46]\].

The samples were pre-implanted with 12 keV deuterium ions ($\documentclass[12pt]{minimal}
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                \begin{document}$$ {D}_2^{+} $$\end{document}$, 24 keV) at current density 5 μA/cm^2^ in the dose range from 8 × 10^14^ to 2.7 × 10^18^ D/cm^2^ at the sample temperature *T*~irr.~ = 295 K. The mass separator provides the resolution of ion beams with ion masses ranging between 40 and 50 amu, m/Δm \~ 50.

The austenitic stainless steel 18Cr10NiTi samples (Table [1](#Tab1){ref-type="table"}), measuring 10 × 5 × 0.3 mm^3^, were fastened to the same-steel heaters, measuring 40 × 5 × 0.3 mm^3^. The radiation area was *S* = 0.3 cm^2^. Prior to irradiation, the samples underwent short-time annealing (1 min.) at 1350 K in order to degas them and to remove impurities from their surface. After irradiation, the samples implanted to the pre-assigned dose were heated in the same measurement chamber at a rate of \~3.5 K/s to a temperature of \~1700 K, with simultaneous registration of the $\documentclass[12pt]{minimal}
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                \begin{document}$$ {D}_2^{+} $$\end{document}$ ion desorption spectrum (4 amu). The heating of samples was turned on immediately after the ion beam was switched off. The temperature was measured by the tungsten-rhenium thermocouple WRe 5/20 fixed to the sample. The total amount of deuterium released from the sample was determined from the area lying under the gas-release curve.Table 1Chemical composition of austenitic stainless steel 18Cr10NiTi (weight percent)СCrNiTiMnSiPSFeAround 0.117.1 to 18.59.6 to 10.20.45 to 0.561.0 to 1.20.4 to 0.430.030.01Rest

The sample structure was examined by means of transmission electron microscopy at an accelerating voltage of 100 kV. The steel samples were thinned down to a thickness of 50 to 60 μm through chemical etch polishing, following which deuterium ions were implanted to the prescribed dose. Thereafter, disks, 3 mm in diameter, were cut out from the obtained foil (the diameter was specified by the sample holder for the microscope), and a final thinning was done in the same solution.

The combination of two techniques, viz., thermal desorption mass-spectrometry and ion implantation, makes it possible (through variation of implantation doses in a wide range and with different steps) to establish the interrelation between the quantity of implanted deuterium, the retention coefficient, and the kind of desorption spectrum.

Results and Discussion {#Sec3}
======================

The Typical Deuterium Thermodesorption Spectra {#Sec4}
----------------------------------------------

The typical deuterium TD spectra measured at different doses of implanted deuterium ions are presented in Fig. [1](#Fig1){ref-type="fig"}. It can be seen that at low implantation doses, the TD spectrum shows no explicit gas-release peaks and represents a temperature-wide region of desorption. With an increasing deuterium implantation dose in this range of temperatures, the TD spectrum shows the peaks, the intensity of which is dependent on the dose of implanted deuterium. A correlation has been found between different implanted substance states, formed during the process of deuterium ion implantation, and the TD spectrum structure. The kinetics of the deuterium TD spectrum behavior has been analyzed in detail as a function of the deuterium implantation dose. The analytical results will be presented below.Fig. 1Deuterium TD spectra from austenitic steel samples implanted with different doses of deuterium ions: (*1*)---3.5 × 10^15^ D/сm^2^; (*2*)---1.1 × 10^16^ D/сm^2^; (3)---3.3 × 10^16^ D/сm^2^; (*4*)---1.0 × 10^17^ D/сm^2^; (*5*)---3.5 × 10^17^ D/сm^2^; (*6*)---5.5 × 10^17^ D/сm^2^; (*7*)---8.0 × 10^17^ D/сm^2^; (*8*)---2.2 × 10^18^ D/сm^2^; (*9*)---2.7 × 10^18^ D/сm^2^

Discrete Character of Variation in the Amount of Retained Deuterium with an Increasing Implantation Dose {#Sec5}
--------------------------------------------------------------------------------------------------------

The studies carried out in the implantation dose range from 8 × 10^14^ to 2.7 × 10^18^ D/cm^2^ have revealed a nonlinear growth in the amount of released deuterium *Q*(*F*) as the radiation dose (*F*) increased (see Fig. [2](#Fig2){ref-type="fig"}). It is seen from the figure that the function *Q*(*F*) does not attain a plateau, this pointing to the fact that at room temperature, in the implantation dose range under study, the full saturation of the sample with deuterium is not attained.Fig. 2Amount of desorbed deuterium versus irradiation dose for austenitic steel implanted at 295 K

In the plot, three characteristic regions with different Q(F) patterns can be distinguished:I---the linear region of low implantation doses (up to 1 × 10^17^ D/cm^2^);II---the nonlinear region of medium implantation doses (1 × 10^17^ to 8 × 10^17^ D/cm^2^);III---the linear region of high implantation doses (8 × 10^17^ to 2.7 × 10^18^ D/cm^2^).

For a further constructive discussion, it stands to mention an important peculiarity of the obtained experimental results. In regions I and III, the function *Q*(*F*) has a linear character with insignificant scatter of the experimental points, thereby testifying to sufficiently advanced methods employed for TDS studies. In turn, this permits us to state that the scatter of the experimental points observed in region II is not caused by procedural errors in the performance of the experiment.

Different slope angles of straight-line segments in the *Q*(*F*) plot reflect the discrete character of variation in the amount of retained deuterium with an increasing implantation dose. The stability of radiation characteristics (target temperature, implanted ion energy, and current density) in the process of experiments allows the conclusion that *each of the discrete implantation dose corresponds to a different state of the implanted matter formed during deuterium ion implantation*.

It is quite reasonable to assume that in region I that reflects the invariable rate of deuterium accumulation up to a dose of 1 × 10^17^ D/cm^2^, the matter is in the initial state from the viewpoint of deuterium retention kinetics. This is witnessed by the unvarying law of linearly increasing amount of implanted deuterium with an increase in the implantation dose. Then, accordingly, the linear region III may also characterize the stable state of the implanted matter having a lower coefficient of deuterium retention.

In the given context, a wide scatter of the experimental points in region II can be attributed to the increasing probabilistic nature of deuterium retention in the implanted dose range 1 × 10^17^ to 8 × 10^17^ D/cm^2^. This enables us to define the state of implanted matter as transient between stable states I and III.

For each experimental point, deuterium retention coefficients were calculated; the obtained values were plotted against the implantation dose (Fig. [3](#Fig3){ref-type="fig"}). The amount of retained deuterium was estimated with due account for the number of implanted deuterium atoms and the number of desorbed deuterium molecules.Fig. 3Deuterium retention coefficient as a function of the implantation dose

In region I, the deuterium retention coefficient is the highest. Here, note that at low implanted deuterium doses (area I***a***), it equals \~35 %, while with a dose increase over 1 × 10^16^ D/cm^2^, it increases up to \~50 % (area I***b***). The second region (II) is characterized by a decrease in the deuterium retention coefficient down to \~23 %. In region III, the deuterium retention coefficient is sharply and considerably reduced down to \~2 %. A slow accumulation of implanted deuterium against the background of a high level of reemission in region III is observed up to a dose of 2.7 × 10^18^ D/cm^2^, which was ultimate in our experiments.

Undoubtedly, the obtained pattern of deuterium retention coefficient values qualitatively reflects the *stepwise character* of the process of deuterium ion implantation in austenitic steel samples as the implantation dose increases.

The linear regions I and III characterize a stable process of deuterium implantation with a constant retention coefficient in the corresponding dose range. Region I corresponds to the metal state with a low-dose ion implantation, and consequently, with a low level of radiation action, being close in its structure to the initial state. Since the radiation conditions (kind and energy of implanted ions, radiation temperature and current density) were kept the same during implantation, the variation in the retention coefficient values as the dose of implanted deuterium exceeds 1 × 10^17^ D/cm^2^ may point to the increase of reemission and reflection characteristics of the steel samples themselves. This, in its turn, may be caused by some change in the nature of the implanted material, or more exactly, by structural rearrangements in the depth profile of deuterium, which occur due to the action of radiation and the increasing concentration of implanted deuterium.

Unlike region I, region III reflects the process of deuterium implantation into the material with a high degree of radiation action, i.e., with a high degree of structure imperfection. The foregoing suggests the conclusion that owing to deuterium irradiation, the metal goes over from one stable structural state with a constant trapping coefficient to the other radiation-resistant structural state, also characterized by a constant trapping coefficient.

A significant scatter of deuterium trapping coefficient values in region II may testify that the process of stable structure state formation takes place, during which the coefficient of deuterium retention is unstable.

For sure, when determining the nature and kinetics of implanted hydrogen capture and retention in austenitic steels, it is necessary to consider the integrated effect of the two aspects of the implantation process: (i) the growth of implanted hydrogen atom concentration and (ii) the increased defect formation as a result of the radiation effect. The hydrogen concentration increase can result in the formation of ordered hydrogenous structures, whereas the radiation-induced point defects and their complexes can give rise to additional traps for hydrogen capture and retention. The synergetics of these multilevel actions can lead to modified states of the initial material. Therefore, of apparent interest is the investigation into the evolution of the TD spectrum with an increasing implantation dose of hydrogen (in our case, deuterium).

Evolution of Deuterium TD Spectrum with an Increasing Implantation Dose {#Sec6}
-----------------------------------------------------------------------

Keeping in mind the stepwise pattern of deuterium retention in austenitic steel, we now consider the evolution of the deuterium thermodesorption spectrum structure with an increasing implantation dose and try to find out the regularities for each of the three stages of deuterium implantation and retention.

It should be noted that the process of deuterium implantation proceeds against the background of accompanying processes, among which we should mention the back scattering of incident ions and reemission of atoms as the target gets saturated (see Fig. [4](#Fig4){ref-type="fig"}). Depending of the incident particle energy, a different number of matrix structure damages are formed, and first of all, we mention Frenkel defects, viz., interstitial atoms and vacancies. The SRIM code \[[@CR47]\] computations have shown that each implanted ion of mass 2, 12 keV energy gives impetus to formation of 27--28 vacancies. At the same time, according to the literature data, practically all Frenkel pairs formed during irradiation recombine at room temperature \[[@CR48]\].Fig. 4Processes occurring as a result of ion implantation: *dark red circle*---matrix atoms; *green circle*---interstitial atoms; ![](11671_2016_1251_Figa_HTML.gif){#d30e867}---vacancy; ![](11671_2016_1251_Figb_HTML.gif){#d30e870}---back-scattered atoms; ![](11671_2016_1251_Figc_HTML.gif){#d30e873}---vacancy-deuterium complex

In the present experiments, the *important peculiarity of sample irradiation consists in* the presence of the contribution from the radiation component that accompanies the process of deuterium ion implantation.

Having a high diffusion mobility, deuterium atoms can exert an essential effect on the inhibition of Frenkel defect recombination through formation of vacancy-hydrogen complexes. For example, the data calculated by B.L. Shivachev \[[@CR49]\] indicate the increase in the lifetime of defects in hydrogen-containing nickel.

### Low Deuterium Concentrations---Region I {#Sec7}

A close consideration of the integrated saturation curve (region I) for austenitic steel samples (see Fig. [2](#Fig2){ref-type="fig"}) has revealed its kink in the implantation dose range 1.0 × 10^16^ D/cm^2^ (see Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Amount of deuterium *Q*(*F*) desorbed from austenitic steel samples exposed to low doses of deuterium ions

A sufficient number of the experimental points and the order of their position in the plot permit us to represent region I as two successive linear segments ***a*** and ***b***, which are characterized by different slope angles with respect to the abscissa axis (dose axis). This, in turn, gives evidence of changes in the hydrogen trapping kinetics during irradiation (see Figs. [3](#Fig3){ref-type="fig"} and [5](#Fig5){ref-type="fig"}).

The spectrum of deuterium thermodesorption from the samples exposed to doses below 1 × 10^16^ D/cm^2^ (corresponding to segment ***a*** in Figs. [3](#Fig3){ref-type="fig"} and [5](#Fig5){ref-type="fig"}) represents the temperature-scale smeared region of deuterium desorption with undetectable maxima in the temperature range between 330 and 400 K (see Fig. [6](#Fig6){ref-type="fig"}). It is reasonable to assume that at low radiation doses, deuterium is retained in the vicinity of randomly distributed structural formations, vacancies already in existence and formed during irradiation. In the process, deuterium-vacancy complexes are also formed.Fig. 6TD spectra of deuterium implanted in austenitic steel at radiation doses: (*1*)---8 × 10^14^ D/cm^2^; (*2*)---1.6 × 10^15^ D/cm^2^; (*3*)---2.5 × 10^15^ D/cm^2^

An increase in the implantation dose in excess of 1 × 10^16^ D/cm^2^ (see Fig. [5](#Fig5){ref-type="fig"}, segment ***b***) leads to a substantial increase in the deuterium retention coefficient (Figs. [3](#Fig3){ref-type="fig"} and [5](#Fig5){ref-type="fig"}) from \~35 % up to \~50 %, and thus, to reduced reemission, as well as to manifestation of a clearly marked region of deuterium desorption with the peak temperature of 380 K (see Fig. [7](#Fig7){ref-type="fig"}). The intensity of the peak increases up to a dose of 1 × 10^17^ D/cm^2^ (see Fig. [8](#Fig8){ref-type="fig"}). The presence of a single peak with an invariable maximum temperature (*T*~m~) in the TD low-dose spectral region gives grounds to suggest that it is determined by the formation of a *solid solution of deuterium in steel* (ordered deuterium atom arrangement in steel).Fig. 7TD spectra of deuterium implanted in austenitic steel at radiation doses: (*1*)---3.5 × 10^15^ D/cm^2^; (*2*)---1.1 × 10^16^ D/cm^2^; (*3*)---3.3 × 10^16^ D/cm^2^Fig. 8TD spectra of deuterium implanted in austenitic steel at radiation doses: (*1*)---1 × 10^17^ D/cm^2^; (*2*)---3.5 × 10^17^ D/cm^2^; (*3*)---5.5 × 10^17^ D/cm^2^

As the estimations show, the formation of deuterium solid solution in steel starts as the deuterium integral concentration in the implantation layer reaches \~1 at.% and comes to an end as the deuterium concentration \~2.5 at.% is reached. The completion of the state formation is evidenced by the kink of the curve that shows the amount of desorbed deuterium versus the radiation dose for steel (see Fig. [2](#Fig2){ref-type="fig"}), and also, by the peak intensity growth termination with the *T*~m~ = 380 K in the deuterium TD spectrum (see Fig. [8](#Fig8){ref-type="fig"}, the insets with the peak partition into constituents---curves 1 and 3). Note that in this case, we also observe the appearance and intensity growth of an additional high-temperature region of deuterium desorption with the *T*~m~ at \~440 K. This region is observed in the deuterium TD spectrum as an expansion of the high-temperature region of the spectrum.

Figures [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"}, and [9](#Fig9){ref-type="fig"} show the peak partition curves calculated with the use of Arrhenius equations.Fig. 9TD spectra of deuterium implanted in steel at radiation doses: (*1*)---8.0 × 10^17^ D/cm^2^; (*2*)---2.2 × 10^18^ D/cm^2^; (*3*)---2.7 × 10^18^ D/cm^2^

### The Region of Medium Implantation Doses---Region II {#Sec8}

Region II is characterized by a decrease in the deuterium retention coefficient, and also, by the greatest increase in the amount of retained deuterium (see Fig. [2](#Fig2){ref-type="fig"}). The TD spectrum of deuterium shows up two regions of deuterium desorption with *T*~m~ temperatures of \~380 and \~440 K (see Fig. [8](#Fig8){ref-type="fig"}). The amount of retained deuterium increases with the increasing implantation dose, owing to the intensity growth of the high-temperature spectral region. In this case, the amount of retained deuterium in the low-temperature part of the spectrum (the peak with *T*~m~ \~ 380 K) remains practically unchanged. This process lasts up to a dose of 8 × 10^17^ D/cm^2^.

The total concentration of accumulated deuterium in the medium-dose region forms the structure, which retains 7 to 8 at.% of deuterium.

Here, as is evident from Fig. [2](#Fig2){ref-type="fig"}, we observe the widest scatter of the experimental points. A considerable scatter of deuterium trapping coefficient values in region II may indicate that the process of stable structural state formation has a probabilistic nature. This implies that on completion of the deuterium solid-solution formation in steel, the newly implanted deuterium atoms promote further radiation-induced structural transformations.

The electron-microscope studies reveal the formation of a great number of small precipitates, which present ordered regions in some places (Fig. [11](#Fig11){ref-type="fig"}b).

### The Region of High Implantation Doses---region III {#Sec9}

At doses in excess of 8 × 10^17^ D/cm^2^, the mechanism of implanted deuterium retention changes. This manifests itself in a sharp fall of the deuterium retention coefficient down to 2 %, and also, in the kink of the curve showing this coefficient as a function of the radiation dose (see Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). The obtained data indicate that the prolonged deuterium ion implantation has caused structural transformations in the steel samples with the result that nearly all newly implanted deuterium gets desorbed from the steel. These data encourage us to draw a conclusion about the formation of a new structure, which is resistant to the action of deuterium ion implantation (*radiation*-*resistant structure*).

The parts of deuterium TD spectra, which correspond to region III of implantation doses, show three temperature ranges of deuterium desorption:The peak with the *T*~m~ = 380 K (solid solution of deuterium in steel) with retained deuterium concentration ranging from 2.5 to 3 at. %;The peak with the *T*~m~ = 440 K with the retained deuterium concentration of 7 to 8 at.%;Low-intensity, temperature-scale-wide region of deuterium desorption with a poorly marked temperature peak in the range of about 500 K.

The main contribution to the increase in the retained deuterium intensity in the high-dose region (region III) is provided by the increase in the intensity of the temperature-scale-wide region of deuterium desorption in the temperature range from 450 to 900 K (see Fig. [9](#Fig9){ref-type="fig"}) at a rate of \~2 % of the implantation dose. In this case, the quantity of desorbed deuterium in other temperature regions remains practically unchanged. Note that the low-intensity, temperature-scale-wide region of deuterium desorption became clearly seen in the deuterium TD spectrum at doses exceeding 5 × 10^17^ D/cm^2^ (see Fig. [8](#Fig8){ref-type="fig"}, curve 3).

The observed slow buildup of retained deuterium in steel (see Fig. [2](#Fig2){ref-type="fig"}) is evidently caused by implanted deuterium diffusion beyond the implantation volume, which is specified by both the increased deuterium concentration in the implantation volume (concentration gradient) and the formation of the transition deuterium-filled layer between the implanted and original areas of the sample.

A high concentration of ordered formations with a developed network of intercrystalline boundaries is characteristic of region III (see Fig. [11](#Fig11){ref-type="fig"}c).

The low-intensity, temperature-scale-wide region of deuterium desorption, observed in the TDS spectrum, can testify to the formation of the amorphous phase in steel, which evidently lies at the basis of intercrystalline boundaries formed in the steel subjected to long-term high-dose irradiation with deuterium ions.

The long-term irradiation of steel with deuterium ions results in the formation of the structure based on nanosized crystallites with an extensive network of intercrystalline boundaries. The basis for this multibranch network is the amorphous state, which is manifested in the TDS spectra as a temperature-scale-wide region of deuterium desorption (structural formation with variable activation energy). The structure resulting from deuterium ion implantation shows stability against the action of deuterium ion implantation. This makes itself evident in a nearly entire cessation of deuterium accumulation from newly implanted ions (*radiation*-*resistant structure*).

Amount of Deuterium in Each Individual Peak of the Thermodesorption Spectrum {#Sec10}
----------------------------------------------------------------------------

Figure [10](#Fig10){ref-type="fig"} shows the amount of deuterium in each individual peak of the TD spectrum and its total amount versus the radiation dose for austenitic steel. The curves were plotted on the basis of the data given in Figs. [7](#Fig7){ref-type="fig"}, [8](#Fig8){ref-type="fig"}, and [9](#Fig9){ref-type="fig"}. It can be seen that each kink of the curve showing the total amount of desorbed deuterium versus radiation dose correlates with variations in the behavior of the corresponding peaks in the deuterium TDS spectra. In fact, each of the peaks observed in the TDS spectra provides information on the kinetics of austenitic steel structural changes resulting from implantation of deuterium ions.Fig. 10Deuterium content in each individual peak of the spectrum and the total amount of desorbed deuterium as functions of radiation dose for steel: (■)---total amount of desorbed deuterium; deuterium concentration in the peaks with maximum temperatures: (*blue square*)---*T* ~m~ \~ 380 К; (*red square*)---*T* ~m~ \~ 440 K; (*dark red square*)---in the 450--900 K range (*T* ~m~ \~ 500 K)

The completion of phase state formation of deuterium solid solution in steel, and correspondingly, the termination of retained deuterium concentration growth in this phase state are manifested by the decrease in the total amount of retained deuterium in steel (the peak with *T*~m~ = 380 K).

On completion of deuterium solid-solution formation in steel, the newly implanted deuterium atoms give impetus to further structural transformations, which are due to both the radiation action and the increasing concentration of implanted deuterium. In this case, the amount of retained deuterium increases at the expense of growing intensity of the high-temperature region of the spectrum with the peak temperatures 440 and 500 K. At a dose of 8 × 10^17^ D/cm^2^, the accumulation of retained deuterium at the peak with *T*~m~ = 440 K practically fully ceases, this being accompanied by the kink of the curve showing the total amount of desorbed deuterium versus the radiation dose (see Figs. [2](#Fig2){ref-type="fig"} and [10](#Fig10){ref-type="fig"}). The deuterium concentration in this phase state remains practically unchanged during further deuterium ion implantation, and is estimated to be 7--8 at.%.

As mentioned above, beginning with the dose of 1 × 10^17^ D/cm^2^ and further, the high-temperature part of the deuterium TD spectrum increases, showing up as an extended region of deuterium desorption in the temperature range 450--900 K with *T*~m~ \~ 500 K (see Fig. [9](#Fig9){ref-type="fig"}, curve 3). The concentration growth of retained deuterium in this extended region of deuterium desorption continues up at a rate of 2 % of the implantation dose (see Fig. [9](#Fig9){ref-type="fig"}, curve 3 and Fig. [10](#Fig10){ref-type="fig"}).

The Microstructural Change {#Sec11}
--------------------------

The microstructure investigations (see Fig. [11](#Fig11){ref-type="fig"}a) have shown that the initial samples have a typical appearance of the austenitic stainless steel structure with large crystallites (pure crystal grains and crystals with inclusions randomly distributed throughout the structure).Fig. 11Microstructure of steel 18Cr10NiТi: **а** prior to and after irradiation with deuterium ions to the doses: **b** 5.1 × 10^17^ D/cm^2^; **с** 1.68 × 10^18^ D/cm^2^

The steel microstructure irradiated with deuterium ions to a dose of 5.1 × 10^17^ D/cm^2^ is shown in Fig. [11](#Fig11){ref-type="fig"}b. It is a characteristic of the medium-dose range (region II). It can be seen that deuterium implantation stimulates the formation of a great number of chaotically distributed dislocations, small-sized precipitates, some ordered segregations with an average scalar volume density ***ρ*** = 5 × 10^10^ cm^−2^.

The dose increase up to 1.68 × 10^18^ D/cm^2^ gives rise to the structure, which is stable against the action of deuterium ion implantation (region III). The steel microstructure exhibits the presence of a high concentration of ordered formations (nanosized crystallites) and a uniform ensemble of dislocations with the density ***ρ*** = 7 × 10^10^ cm^−2^. Actually, the basis of the formed structure is determined by the presence of nanosized crystallites and a multibranch network of intercrystalline boundaries mostly represented by the amorphous phase state (Fig. [11](#Fig11){ref-type="fig"}c). It should be stressed that as a result of radiation-induced action, in the presence of deuterium in steel, the structure has formed, which shows stability against the action of deuterium ion implantation. The presence of this structure almost entirely cancels the accumulation of newly implanted deuterium.

Activation Energy {#Sec12}
-----------------

The thermodesorption activation energy for the peak corresponding to the solid solution of deuterium in steel was calculated using the Arrhenius equation, which determines the temperature dependence of the chemical reaction rate constant \[[@CR50]\]:$$\documentclass[12pt]{minimal}
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where dn***/***dt is the desorption rate, which at every instant corresponds to the ordinate of the thermodesorption *i*th peak envelope;

*n*~*i*~(*t*) is the number of particles remaining in the sample by the given moment of desorption;

*K*~*i*~ is the desorption rate constant for the ***i***th peak;

*γ* is the order of reaction rate;

*E*~*i*~ is the desorption activation energy;

*k* is the Boltzmann constant;

*T* is the instantaneous temperature value.

The transformation of Eq. (1) with account of *T* = *T*~0~ + *αt* (where *α* is the rate of sample heating) and subsequent taking the logarithm lead to the following relationship$$\documentclass[12pt]{minimal}
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Substituting the dn~*i*~/dT and *n*~*i*~*(T)* values from the experimentally measured spectrum of deuterium thermodesorption from steel, we have obtained the Arrhenius polyterm values for the first and second orders of the reaction rate, by which the activation energies were calculated (see Fig. [12](#Fig12){ref-type="fig"}). The activation energy for the peak with *T*~m~ = 380 K was calculated to be 0.65 eV. As is seen from the figure, the experimental points fall well on the straight line in case of the second order of the reaction, ***γ*** = 2. However, in the calculation with ***γ*** = 2, the position of the peak maximum must depend on the concentration of the components. In other words, the temperature of the maximum must shift with the radiation dose, and this is in contradiction with the obtained experimental data.Fig. 12Arrhenius polyterms for the TDS spectral peak of deuterium, calculated with the first and second orders of the reaction rate, and the respective spectra with the calculated curves. The dose is 2 × 10^16^ D/cm^2^

The contradiction is resolved if reasoning that in our case, we have another nature of the kinetics of solid-solution formation in the hydrogenous steel.

The Arrhenius equation calculations assume a uniform variation of the reagent concentration in the system under study, and then, with the concentration variation in the case of quadratic dependence of the desorption rate on the reagent concentration the peak temperature of the desorption must shift in the direction of decreasing temperature.

In our case, with deuterium saturation of steel, we have the formation of the solid-solution phase of deuterium in steel in the form of separate precipitates, in which the local concentration of deuterium corresponds to the ultimate stoichiometry of \~3 at.%. With an increasing concentration of deuterium in the metal, the quantity of the precipitates and their size increases until they get overlapped and the phase formation is completed. Actually, at saturation of steel with deuterium, the quantity of retained deuterium increases, while the local concentration in the precipitates remains the same. In this case, no shift of the peak temperature at deuterium desorption takes place.

On the Nature of Retention of Deuterium Implanted in Steel at T\~295 K {#Sec13}
----------------------------------------------------------------------

At room temperature, deuterium has a high diffusive mobility, the surface open to diffusion, and thereby is intensively desorbed from austenitic steel during its implantation. As is known, at room temperature, nearly all the defects formed in the course of irradiation, and above all, the Frenkel pairs are recombining \[[@CR48]\]. However, the implanted hydrogen atoms retard the recombination of the Frenkel defects at room temperature owing to the formation of vacancy-hydrogen complexes. The interstitial metal atoms, produced in this case, take part in the formation of dislocations, crystallite interfaces, etc.

Note that the contribution of the radiation component accompanying the process of deuterium implantation was insignificant for the metals cooled down to a temperature of \~100 K, at which the diffusive mobility of deuterium is small. This distinguishing feature has made it possible to investigate the kinetics of hybrid phase formation and decay in titanium \[[@CR44]\], palladium \[[@CR43]\], and austenitic steel \[[@CR42]\].

We now describe the physical processes that accompany the accumulation and retention of ion-implanted deuterium in austenitic steel being at 295 K.

At low implantation doses, deuterium is retained by stable structural formations, which are present in steel and, beside that, are formed in the process of deuterium implantation. In this case, deuterium-vacancy complexes are formed, which are randomly distributed in the implantation layer.

A further increase in the implantation dose is characterized by the process of radiation-induced action on the steel in the presence of deuterium. As a result of this action, an energy-stable steel structure is formed, which comprises nanosized steel crystallites and a multibranch network of intercrystalline boundaries. The basis for this multibranch network is provided by the amorphous state, which shows up in the TD spectra as a temperature-scale-wide region of deuterium desorption (structural formation with a varying activation energy).

The formed structure shows stability against the action of deuterium ion implantation. This manifests itself in a practically full cessation of deuterium accumulation from newly implanted ions (radiation-resistant structure). The increase in the amount of retained deuterium in the steel in the range of high implantation doses is caused by deuterium diffusion beyond the implantation volume.

Conclusions {#Sec14}
===========

During the process of deuterium ion irradiation, the coefficient of deuterium retention in steel varies in discrete steps. Each of the discrete regions of deuterium retention coefficient variation in steel corresponds to different states of steel, formed during deuterium ion implantation.

Three characteristic regions with different low rates of deuterium amount desorption as the implantation dose increases, were revealed:I---the linear region of low implantation doses (up to 1 × 10^17^ D/cm^2^);II--- the nonlinear region of medium implantation doses (1 × 10^17^ to 8 × 10^17^ D/cm^2^);III---the linear region of high implantation doses (8 × 10^17^ to 2.7 × 10^18^ D/cm^2^).

The low-dose region is characterized by deuterium retention due to stable structural formations, and also, by the formation of deuterium solid-solution phase in the steel. The total concentration of the accumulated deuterium in this region varies between 2.5 and 3 at.%.

The medium-dose region is characterized by radiation-induced action on the steel in the presence of hydrogen. The process results in the formation of the energy-stable crystalline nanostructure of steel, having a developed network of intercrystalline boundaries. The basis for this developed network of intercrystalline boundaries is provided by the amorphous state. The total concentration of the accumulated deuterium in the region of medium implantation doses makes 7 to 8 at.%.

The resulting structure shows stability against the action of deuterium ion implantation. This manifests itself in a nearly complete ceasing of deuterium accumulation from a newly implanted deuterium (radiation-resistant structure). The concentration growth of retained deuterium at a rate of \~2 % of the implantation dose continues up to the maximum dose studied here (2.7 × 10^18^ D/cm^2^). The increase in the amount of retained deuterium in the steel in the high-dose region is caused by deuterium diffusion beyond the implantation volume.
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